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ANGULAR MOMENTUM TRANSFERS IN BASEBALL PITCHING 
(Thesis Abstract) 
Richard F. Betzel 
Indiana University 
Chairman: Dr. Jesús Dapena 
 This study calculated the angular momentum acquired from the ground and its 
transfers between body segments during a baseball pitch. Seven Division I baseball 
pitchers were filmed with three high-speed video cameras while they threw maximum 
effort fastballs from a regulation mound. From the video data, three-dimensional 
locations of select body landmarks and joint centers were calculated. These three-
dimensional data, along with data obtained from anthropomorphic models, were used to 
calculate angular momentum about three orthogonal axes that translated with each 
subject’s center of mass during the baseball pitch. A fourth axis was defined post hoc, 
aligned with the angular momentum vector of the right arm-and-ball at the time of 
release. The angular momentum of each segment group was projected onto this axis 
during the entire trial. A composite trial of the seven subjects was generated. Angular 
momentum values about the projection axis were small until approximately 0.200 s 
before the onset of double-support. After this instant, the system experienced a large 
influx of angular momentum, so that by the beginning of double-support the pitcher had 
already acquired about three quarters of the angular momentum that he would have at 
release (210  73 mm  s-1 out of 278  30 mm  s-1). During double-support the 
remaining quarter of angular momentum was generated. Additionally, during the later 
part of double-support the angular momentum associated with motions of the right leg, 
trunk-and-head, and left arm was transferred to the right arm-and-ball, thereby 
contributing to its velocity and to the velocity of the ball at release. 
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INTRODUCTION 
Baseball pitching is a dynamic sequencing of body motions that produces a large 
ball velocity at release (Figure 1). During this process, the pitching shoulder is externally 
rotated to a position beyond its passive range of motion. The elbow is then extended, and 
the humerus is internally rotated to produce a large ball velocity at release. The throwing 
arm has been the focus of most biomechanical research on baseball pitching, as it plays 
an obvious role in the generation of ball velocity (Feltner & Dapena, 1986; Dillman et al., 
1993; Werner et al., 1993; Pappas et al., 1995; Fleisig et al., 1995, 1996, 2006; Escamilla 
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et al., 1998, 2007; Matsuo et al., 2001; and Dun et al., 2008). It is likely that the other 
body segments interact with the throwing arm in this process, but the details of these 
interactions are unclear. 
It might seem logical to follow a linear kinetic analysis to investigate the 
interactions between the throwing arm and the other body segments. However, an 
analysis of the generation and transfer of angular momentum may be a better approach 
for baseball pitching. Angular momentum is acquired from the ground by the feet, and 
part of it is subsequently transmitted through the various body segments to the throwing 
arm, and ultimately to the ball. In general, the larger the angular momentum of the ball, 
the larger its linear velocity. Therefore, an important goal of baseball pitching is to 
maximize the angular momentum of the throwing arm and of the ball at release. In the 
present study the angular momentum values of all body segments and of the ball about 
the system center of mass (c.m.) were calculated during the pitching motion from the 
beginning of the leg lift until ball release. This allowed the calculation of the angular  
momentum acquired from the ground and its transfer from one segment to another. The 
analysis of this generation and transfer of angular momentum clarified the roles of the 
non-throwing arm segments in the generation of ball velocity at release. This 
methodology has been used before to analyze the discus throw (Dapena, 1993a), the 
javelin throw (LeBlanc & Dapena, 1996) and the tennis serve (Gordon & Dapena, 2004). 
 
METHODS 
Videotaping procedures. 
Seven male intercollegiate baseball players (NCAA Division I) participated in this  
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investigation (height = 1.88 ± 0.04 m; mass = 88 ± 12 kg; mean ± s). Participants wore 
compression shorts and no shirts during the data collection session. Four of the subjects 
threw left-handed. After a thorough warm-up, each participant performed six maximal-
effort fastball pitches from a regulation pitching mound to a catcher at home plate. The 
last three trials of each subject were videotaped simultaneously with three Casio EX-F1 
high-speed digital cameras (Casio Computer Co., Ltd., Tokyo, Japan) running at 300 Hz. 
The cameras were placed on tripods at a height of approximately 1.5 m, and positioned as 
indicated in Figure 2 a. 
 
Analysis of the recorded videos. 
The video files recorded by the three cameras were uploaded into a desktop 
computer. The locations of the ball and of 21 body landmarks (vertex, gonion, 
suprasternale, right and left shoulders, elbows, wrists, third knuckles, hips, knees, ankles, 
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heels, and toes) were manually digitized in selected images of the three video files of 
each trial using SIMI Motion Capture 3D (SIMI Reality Motion Systems GmbH, 
Unterschleissheim, Germany). The images selected for digitization were: every tenth 
image between stride foot lift-off and an instant about 0.1 s before stride foot plant; every 
third image from this time to stride foot plant; every image from stride foot plant to an 
instant shortly after ball release. 
The digitized video data were transferred to a Macintosh MacBook laptop 
computer. All subsequent calculations were made on this computer.  
Due to the lack of physical synchronization between the cameras, the instants of 
exposure of frames in one video did not correspond exactly to the instants of exposure of 
frames in the other videos. The correspondence between the frames of the three cameras 
was established through events visible in all three videos. The events were the instants of 
stride foot lift-off, ball release, and a series of hand strikes performed by an assistant. The 
frames of occurrence of these events in each camera were plotted against the 
corresponding frames of occurrence of the same events in each of the other two cameras. 
Straight lines fitted through the points by linear regression permitted the calculation of 
the correspondence between the frames of the three cameras. 
Quintic spline functions (Woltring, 1986) were fitted with no smoothing to the 
video coordinate/time data from each camera. Interpolated values were subsequently 
computed from the quintic spline functions of the three cameras for instants intermediate 
between frames and that did correspond in time (“output frames”). For convenience, and 
to facilitate comparisons among trials, the time t = 10.000 s was arbitrarily assigned in 
every trial to the instant of stride foot plant, and interpolated values were calculated for 
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instants separated by intervals of 0.030 s between stride foot lift-off and t = 9.900 s, 
0.010 s from t = 9.900 s to t = 10.000 s, and 0.003 s from t=10.000 s to an instant 
approximately 0.015 s after ball release. 
The Direct Linear Transformation (DLT) method, developed by Abdel-Aziz and 
Karara (1971) and described in detail by Walton (1981), was used to compute the three-
dimensional (3D) coordinates of the landmarks from the digitized data. The two cameras 
with the clearest view of a given landmark were used to calculate the 3D coordinates of 
that landmark throughout the trial. The 3D coordinates were expressed in terms of a 
right-handed, inertial reference frame, R0. The origin of R0 was at the center of the front 
edge of the pitching rubber. Its axes were defined by vectors X0, Y0, and Z0. (See Figure 
2.) The X0 axis was horizontal and pointed toward first base; the Y0 axis was horizontal 
and pointed away from the catcher, toward second base; the Z0 axis was vertical and 
pointed upward. These rather unusual directions for the X0 and Y0 axes were designed to 
make all angular momentum components be positive at release. The digitized video data 
were used to calculate the 3D coordinates of the ball and of the body landmarks for the 
time of each output frame in terms of reference frame R0. On the left-handed participants, 
a symmetrical transformation of the X coordinates was performed, and the landmarks 
from the left side were interchanged with those from the right. This allowed the left-
handed participants to be treated as right-handed from this point onward. 
 The 3D coordinate data were input to a computer program designed to identify 
gross errors in the digitizing process. Any obvious errors in the coordinates were 
corrected manually using a graphics interface. 
To obtain smoothed locations and velocities for each landmark, quintic spline 
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functions were fitted to its time-dependent X0, Y0, and Z0 coordinates. In this study, it 
was qualitatively determined that the best results were obtained with a smoothing factor 
equivalent to a 20 Hz low-pass filter. Smoothed landmark locations and instantaneous 
velocities were calculated from the quintic spline coefficients. All subsequent 
calculations were performed with these smoothed kinematic data. 
 
Center of mass and angular momentum calculations. 
Each pitcher was modeled as a sixteen-segment system. The locations and 
velocities of the segmental centers of mass, of the ball, and of the pitcher-and-ball system 
were calculated using procedures analogous to those described by Dapena (1978; 1986, 
1997). The inertial parameters of the segments were taken from de Leva (1996). 
Moments of inertia were personalized for each subject using a procedure described by 
Dapena (1978). 
Local and remote angular momentum values of all body segments were calculated 
following the procedure described in Dapena (1978), modified to make use of 
instantaneous landmark velocities. The remote angular momentum of the ball was 
calculated in the same way, and its local angular momentum was assumed to be zero. The 
total angular momentum of each segment was computed as the sum of its local and 
remote components. These angular momentum values were expressed relative to a 
reference frame R1 with origin at the system c.m. and axes X1, Y1, and Z1 parallel to 
those of R0. The angular momentum components aligned with the three axes of R1 will be 
referred to as HX, HY, and HZ. The body segments were arranged into five groups: right 
leg, left leg, trunk-and-head, right arm-and-ball, and left arm. The angular momentum 
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components of the five segment groups were calculated. The angular momentum of the 
whole system about its own c.m. was computed as the sum of the angular momentum 
values of the five groups.  
To better understand how the right arm-and-ball acquires its final angular 
momentum, it was also useful to project the angular momentum vector of each segment 
group throughout the whole trial onto the angular momentum vector of the right arm-and-
ball at release. The projected vector will be referred to as the “projected angular 
momentum,” HP. 
To allow comparisons between subjects, all angular momentum values were 
normalized through division by subject mass and standing height. Thus, normalized 
angular momentum was expressed in units of mm s-1. 
 
Normalization of times, and generation of a composite trial. 
For comparative purposes, the time-scales of all participants were normalized 
using four anchor events: (a) left foot lift-off; (b) highest point of the left knee; (c) time 
of vertical orientation of the plane defined by shoulder, elbow, and wrist of the throwing 
arm; and (d) ball release. The time-scales in the three intervals between anchor events 
were stretched or compressed in each trial to force the times of the anchor events to 
coincide in all trials. Data for the normalized times were obtained through straight-line 
interpolation. A composite trial was then generated by averaging the values from the 
seven trials at each normalized time. 
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 To understand the acquisition of angular momentum from the ground and its 
transfers between segment groups, it was necessary to calculate angular momentum 
values for each segment group at discrete instants within each trial. The particular 
instants chosen differed for each analyzed component of angular momentum (X, Y, Z, 
and projected), as this facilitated the interpretation of the results. Angular momentum 
transfers between these instants were calculated from the change in angular momentum 
of each segment group, taking into account the physical interconnections between the 
groups. During double-support, both leg segment groups were treated as a single group. 
Interactions between segments were analyzed as shown in Figure 3. 
 
Computer graphics. 
Wireframe animations were generated using custom software and a geometric 
model of the human body developed by Dapena (1993b). Solid-figure animations were 
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generated using the interactive 3D animation program Geomview (http://www.geomview 
.org) and the same geometric model. The animations were used to facilitate the 
interpretation of the results. 
 
RESULTS AND DISCUSSION 
Angular momentum patterns. 
Figure 4 shows the X component of angular momentum for the body-and-ball 
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system (referred to from here on as “the system”), as well as the contributions of the 
separate segment groups to the system angular momentum in the composite trial. Figures 
5 and 6 show the corresponding graphs for the Y and Z components of angular 
momentum. 
It is necessary to keep in mind that, since the positive and negative peaks of the 
individual trials did not match exactly in time, the positive and negative peaks of the 
composite trial were attenuated. Additionally, the times at which these peaks and other 
events occurred were also distorted in the composite trial. The values reported here 
correspond to the average of the individual trials rather than to the value of the composite 
trial. 
 
Angular momentum about the X1 axis. As shown in Figure 4, the value of HX was near 
zero at the instant of left foot takeoff (HX = -8 ± 14 mm s-1 at t = 8.727 ± 0.120 s). Then 
it acquired positive values, and reached a local maximum of 27 ± 8 mm s-1 at t = 9.069 ± 
0.187 s. HX subsequently decreased to a value near zero by the time the left knee reached 
its highest point (HX = 5 ± 5 mm s-1 at t = 9.266 ± 0.075 s). This fluctuation in HX was 
due largely to the motions of the left leg during the leg kick. The value of HX continued 
its downward trend until it reached a maximum negative value of -51 ± 17 mm s-1 at t = 
9.729 ± 0.035 s. This negative value was linked primarily to the forward motion of the 
left leg, and to a lesser extent to a counterclockwise rotation of the trunk-and-head (as 
viewed from the negative X direction). Meanwhile, the right leg exhibited a small amount 
of positive angular momentum as a result of its backward motion relative to the forward-
translating system c.m. HX then acquired an upward trend, and reversed its sign from 
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negative to positive. At left foot plant (t = 10.000 ± 0.000 s), the system HX reached a 
value of 171 ± 70 mm s-1. This increase in HX was due chiefly to the slowing down of 
the forward motion of the left leg and to the clockwise rotation of the trunk-and-head. 
The arms also acquired modest amounts of positive HX during this period. The system 
angular momentum continued to increase through approximately the first half of the  
double-support phase before stabilizing. This further increase was due primarily to 
increases in the angular momentum values of the trunk-and-head, the left arm and the 
right arm, while the angular momentum values of the two legs stayed nearly constant. In 
the late stages of double-support, there was little change in the system angular 
momentum. By the time of release (t = 10.176 ± 0.029 s), the value of HX was 232 ± 52 
 12 
mm s-1. During this period, there was little change in the angular momentum of the left 
leg, and decreases in the angular momentum values of the trunk-and-head, right leg, and 
left arm. These decreases were accompanied by a very large increase in the angular 
momentum of the right arm. 
 
Angular momentum about the Y1 axis. As shown in Figure 5, at the time of left foot 
takeoff the system angular momentum had a value of 49 ± 13 mm s-1 and a slightly 
upward trend. HY then reached a maximum positive value of 88 ± 15 mm s-1 at t = 8.914 
± 0.124 s before trending downwards and reaching a value near zero by the time the left 
knee reached its highest point. This fluctuation in HY was due primarily to the lifting of 
the left leg, and to a much lesser extent to a slight counterclockwise rotation of the trunk-
and-head (as viewed from the positive Y direction). HY then continued with a downward 
slope to a maximum negative value of -60 ± 13 mm s-1 at t = 9.651 ± 0.196 s. This 
negative change was linked to the downward motion of the left leg during the stride, and 
to a lesser extent to a slight clockwise rotation of the trunk-and-head. Before left foot 
plant, the trunk-and-head began to turn to face home plate, causing the left and right arms 
to exhibit motions toward the left and right, respectively. The angular momentum 
acquired by each arm tended to compensate for the other so that the sum of the two was 
close to zero, while the trunk-and-head tilted toward the left, gaining positive angular 
momentum. As a result, HY followed a pattern similar to that of the trunk-and-head 
during this period, changing from negative to positive, and ending up with a value of 46 ± 
38 mm s-1 at release. 
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Angular momentum about the Z1 axis. As shown in Figure 6, at the time of left foot 
takeoff HZ had a value of -26 ± 6 mm s-1. Shortly thereafter, it acquired a gradual 
positive trend, leading to a value near zero by the time the left knee reached its highest 
point (HZ = -3 ± 5 mm s-1). This slight upward trend was maintained until an instant 
shortly before left foot plant, at which time the slope increased, leading to an HZ value of 
123 ± 37 mm s-1 at t = 10.000 s. For most of the single-support period, the system 
angular momentum reflected the angular momentum of the left leg, which first rotated 
clockwise and then counterclockwise (as viewed from the positive Z axis). At 
approximately t = 9.650 s, the angular momentum of the left leg began diverging from 
the system angular momentum, reaching a maximum value of 43 ± 5 mm s-1 at t = 9.805 
± 0.083 s, and then decreasing gradually up to the time of release. The reduced 
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contribution to HZ by the left leg was initially compensated by increased contributions of 
the trunk-and-head and both arms. HZ continued increasing at a fast rate during the early 
part of double-support before stabilizing. The initial steep slope was the result of 
increases in the angular momentum values of the right arm, left arm (up to t = 10.039 ± 
0.033 s), and trunk-and-head (up to t = 10.079 ± 0.032 s). The subsequent increase in the 
angular momentum of the right arm in the later stages of double-support was 
compensated by decreases in the angular momentum values of the left arm and trunk-
and-head. 
 
Angular momentum transfers 
Angular momentum about the X1 axis. Figure 7 shows the acquisition of HX from the 
ground and transfers of angular momentum between segment groups. Angular 
momentum was calculated at seven discrete instants: left foot takeoff (x1), system local 
maximum HX (x2), highest point of left knee (x3), system local minimum HX (x4), right 
arm local maximum of the X component of angular momentum (x5), right arm local 
minimum of the X component of angular momentum (x6), and release (x7). In the 
following discussion, positive and negative HX will be associated with clockwise and 
counterclockwise motions, respectively, of the segment groups about the system c.m. (as 
viewed from the negative X1 axis). At time x1, all segment groups had very small 
amounts of angular momentum. Between x1 and x2, a small amount of positive angular 
momentum was acquired from the ground, passed through the right leg, and was 
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ultimately stored in the trunk-and-head and in the left leg as the latter began its upswing 
during the leg kick. The period between x2 and x3 exhibited a reverse trend, with angular 
momentum flowing from the left leg into the trunk-and-head, into the right leg, and back 
to the ground as the left knee approached its highest point, leaving the trunk-and-head 
and left leg with almost no angular momentum. This trend was enhanced between x3 and 
x4 by the downward and strong forward motion of the left leg, by a counterclockwise 
rotation of the trunk-and-head, and by the right leg as it maintained contact with the 
pitching rubber while the system c.m. moved forward. At the end of this period both the 
trunk-and-head and the left leg had modest amounts of negative angular momentum after 
losing positive angular momentum to the right leg. While, strictly speaking, these 
transfers resulted in a loss of positive angular momentum, it may be more beneficial to 
consider these transfers, and any other transfers that left a segment group with negative 
angular momentum, as acquisitions of negative angular momentum. Between x4 and x5 
the right leg acquired from the ground a large amount of angular momentum, which was 
transferred to the trunk-and-head. Moderate amounts of this angular momentum were 
retained in the trunk-and-head and transferred to the right arm, and a large amount was 
transferred to the left leg. The increase in system HX was linked primarily to the slowing 
down of the left leg’s forward motion in anticipation of the imminent foot plant, the 
change of the trunk-and-head’s rotation to clockwise, and the lifting of the right arm 
following the separation of the hands. From x5 to x6, the system continued to obtain large 
amounts of angular momentum from the ground through the legs. Part of this angular 
momentum was stored in the left and right legs as the system c.m. translated forward, 
while a fair amount was also passed on to the trunk-and-head, linked to an increase in its 
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clockwise motion. As the right arm was “cocked”, the right upper arm slowed or stopped 
its upward motion. This was linked to a loss of angular momentum in the right arm-and-
ball that was transferred to the left arm using the trunk-and-head as an intermediary. 
From x6 to x7 only a modest amount of angular momentum was elicited from the ground. 
However, there was a large transfer of angular momentum from the legs and a moderate 
transfer from the left arm to the trunk-and-head, which in turn were transferred to the 
right arm-and-ball, together with part of the trunk-and-head’s own angular momentum. 
The large amount of angular momentum obtained by the right arm-and-ball during this 
period was linked to a forward motion of the right leg, slowing of the trunk-and-head’s 
clockwise rotation, and termination of the left arm’s downward motion, in addition to the 
modest amount of angular momentum elicited from the ground. 
 
Angular momentum about the Y1 axis. Figure 8 shows the acquisition of HY from the 
ground and transfers of angular momentum between segment groups. Angular 
momentum was calculated at seven discrete instants: left foot takeoff (y1), system local 
maximum HY (y2), highest point of left knee (y3), system local minimum HY (y4), system 
zero HY (y5), time of vertical orientation of right shoulder-elbow-wrist plane (y6), and 
release (y7). In the following discussion, positive and negative HY will be associated with 
counterclockwise and clockwise motions, respectively, of the segment groups about the 
system c.m. (as viewed from the positive Y1 axis). At time y1 the system already had a 
moderate amount of positive angular momentum. Most of it was associated with the 
upward motion of the left leg at the beginning of the leg kick. The trunk-and-head and the 
right leg had small amounts of positive and negative angular momentum, respectively, 
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due to their motions relative to the upward-translating c.m. Between y1 and y2 a moderate  
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amount of angular momentum was acquired from the ground through the right leg, and 
passed through the trunk-and-head to the left leg, which continued its upward swing. The 
flow of angular momentum was reversed between y2 and y3, with positive angular 
momentum being transferred from the left leg through the trunk-and-head and the right 
leg into the ground as the left knee slowed down approaching its highest point. This left 
the trunk-and-head and both legs with almost no angular momentum. From y3 to y4 
angular momentum continued to flow out from the left leg, passing through the trunk-
and-head and the right leg, and into the ground. As mentioned in the previous section, 
this loss of positive angular momentum can be considered an acquisition of negative 
angular momentum. This negative angular momentum was associated with the downward 
translation of the left leg. Also, during this period the arms began to separate, and 
acquired motions in opposite directions. As a consequence of these motions, the angular 
momentum of each arm tended to compensate for the other so that the sum of the two 
was near zero. This pattern of the arms continued until shortly before release, as will be 
shown below. Between y4 and y5 a fair amount of positive angular momentum was 
acquired by the right leg from the ground. Most of it was transferred to the trunk-and-
head. Part of this was retained by the trunk-and-head, linked to the slowing down of this 
segment group’s upward translation relative to the system c.m., and a portion was 
transferred to the left leg. The motion of the left leg first changed from downward to 
leftward, and then slowed down prior to the left foot plant. The slowing down was linked 
to the transfer of positive angular momentum from the trunk-and-head to the left leg. 
During this period, both arms were raised, which increased the positive and negative 
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angular momentum values of the left and right arms, respectively. From y5 to y6 the 
system continued to acquire positive angular momentum through the legs. The legs 
retained part, and the rest was transferred to the trunk-and-head. The trunk-and-head also 
received an angular momentum influx from the right arm-and-ball, a small part of which 
was transmitted to the left arm. The net positive change in the angular momentum of the 
legs was linked to a further slowing down of the left leg’s leftward translation and to an 
increased rightward translation of the right leg. The increased negative angular 
momentum of the right arm-and-ball was linked to its increased rightward translation. 
The increase in angular momentum of the trunk-and-head was largely associated with a 
leftward-tilting motion. During the final period from y6 to y7 the legs interacted 
minimally with the ground, with only a small loss of angular momentum. However, the 
left arm transmitted a large amount of angular momentum to the right arm, using the 
trunk-and-head as an intermediary. In addition, the trunk-and-head transmitted part of its 
own angular momentum to the right arm. As a result, the angular momentum values of 
both arms approached zero, and the trunk-and-head’s own angular momentum was 
markedly reduced. 
 
Angular momentum about the Z1 axis. Figure 9 shows the acquisition of the Z component 
of angular momentum from the ground and transfers between segment groups. Angular 
momentum was calculated at eight discrete instants: left foot takeoff (z1), system local 
minimum HZ (z2), highest point of left knee (z3), right arm local minimum of the Z 
component of angular momentum (z4), right arm zero of the Z component of angular  
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momentum (z5), left foot plant (z6), time of vertical orientation of right shoulder-elbow-
wrist plane (z7), and release (z8). In the following discussion, positive and negative HZ 
will be associated with counterclockwise and clockwise motions, respectively, of the 
segment groups about the system c.m. (as viewed from the positive Z1 axis). At time z1, 
the system angular momentum was negative due to a general clockwise rotation of the 
whole body, particularly the left leg. Between z1 and z2, the system angular momentum 
grew slightly more negative. This was linked to a small increase in the clockwise rotation 
of the left leg. From z2 to z3 the system gained a moderate amount of positive angular 
momentum from the ground. This angular momentum was passed through the right leg to 
the trunk-and-head, and ultimately to the left leg. This transfer was linked to the slowing 
down of the left leg’s clockwise rotation. At the end of this period, all segment groups 
possessed very little angular momentum. The trend of angular momentum transfers 
continued between z3 and z4 as angular momentum was passed through the right leg to 
the trunk-and-head, and on to the left leg. As a result, the left leg accumulated a modest 
amount of positive angular momentum. There was also a small transfer of positive 
angular momentum from the right arm-and-ball to the left arm through the trunk-and-
head. These transfers were associated, respectively, with the counterclockwise rotation of 
the left leg as it began striding toward home plate, and with the motions of the arms as 
they began to separate from each other. From z4 to z5, the system continued acquiring 
positive angular momentum from the ground. This angular momentum passed through 
the right leg into the trunk-and-head. Part was stored in the trunk-and-head, and the rest 
was transferred to the arms. The transfer of positive angular momentum to the trunk-and-
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head resulted in its increased counterclockwise rotation, which in turn served to increase 
the counterclockwise rotation of the left arm, and to decrease the clockwise rotation of 
the right arm-and-ball. Consequently, by the end of this period the left arm had increased 
its positive angular momentum while the right arm-and-ball had changed from negative 
angular momentum to zero. Between z5 and z6, a substantial amount of positive angular 
momentum was acquired through the right leg from the ground. Most of this angular 
momentum was transferred to the trunk-and-head, which retained part of it, while the rest 
was transferred to the arms. The accumulations of positive angular momentum in the 
trunk-and-head and in the arms were associated with increases in their counterclockwise 
rotations. From z6 to z7 the system obtained a further small amount of angular momentum 
from the ground through the legs. Much of it, together with part of the angular 
momentum of the left leg, was transferred to the trunk-and-head, which also acquired a 
portion of the angular momentum of the left arm. A small part was retained by the trunk-
and-head, and the rest was transmitted to the right arm-and-ball. These transfers were 
linked to the slowing down of the counterclockwise rotations of the left leg and arm. At 
the same time, the trunk-and-head and right arm-and-ball increased their 
counterclockwise rotations, particularly the right arm-and-ball. In the final period from z7 
to z8, the legs interacted minimally with the ground, acquiring very little angular 
momentum. The transfer of angular momentum from the legs to the trunk was also 
minimal. However, the interactions between the left arm, the trunk-and-head, and the 
right arm-and-ball were substantial. The left arm transmitted most of its angular 
momentum to the trunk-and-head. In turn, the trunk-and-head transmitted it to the right 
arm-and-ball along with the vast majority of its own angular momentum. These transfers 
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resulted in the slowing down and nearly stopping of the counterclockwise rotations of the 
left arm and trunk-and-head, while markedly increasing the counterclockwise rotation of 
the right arm-and-ball. 
 
Projected angular momentum. 
At release, the right arm and the ball were both positioned high and to the right 
relative to the system c.m. Because of this, the angular momentum of the right arm-and-
ball had both X and Z components, while the Y component was negligible. Expressing 
the angular momentum of all segment groups in terms of the X, Y, and Z orthogonal 
components provided a strong formal structure conducive to numerical analysis. 
However, the acquisition and transfer of angular momentum can be understood more 
clearly by projecting the angular momentum of the segment groups throughout the whole 
trial onto the angular momentum vector of the right arm-and-ball at release (projected 
angular momentum). 
As shown in Figure 10, projected angular momentum (HP) had a value of -18 ± 16 
mm s-1 and a slight upward trend at the time of left foot takeoff. Shortly thereafter, HP 
reached a maximum positive value of 15 ± 10 mm s-1 at t = 9.206 ± 0.165 s before 
sloping downward and reaching a maximum negative value of -21 ± 17 mm s-1 at t = 
9.574 ± 0.165 s. These fluctuations were quite small. From there, HP began trending 
upward, and acquired positive values after t = 9.703 ± 0.182 s. During this period, the 
legs moved in opposite directions relative to the system c.m. As a result, the projected 
angular momentum of the right leg was positive (counterclockwise as viewed along the 
projection axis from a diagonal, overhead direction) while the left leg’s was negative  
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(clockwise). To a great extent, they compensated for one another. By the time the left 
foot planted, the value of HP was 210 ± 73 mm s-1. HP continued to increase for a short 
period after left foot plant, but this systematic upward trend ceased in the late part of 
double-support. The final value of HP was 278 ± 30 mm s-1 at release. The rise in HP 
after t = 9.703 ± 0.182 s was due to increased amounts in the left leg, right arm, left arm, 
and trunk-and-head. In the late part of double support, the projected angular momentum 
values of the right leg, left arm, and trunk-and-head decreased markedly, while the right 
arm exhibited a continued increase in projected angular momentum. 
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Figure 11 shows the acquisition of the projected component of angular 
momentum from the ground, and transfers between segment groups. Angular momentum 
was calculated at six discrete instants: left foot takeoff (p1), highest point of left knee (p2), 
system local minimum HP (p3), left foot plant (p4), time of vertical orientation of right 
shoulder-elbow-wrist plane (p5), and release (p6). In the following discussion, positive  
and negative HP will be associated with counterclockwise and clockwise motions, 
respectively, of the segment groups about the system c.m. (as viewed along the projection 
axis from a diagonal, overhead direction). At time p1 (Figure 12 a) the system angular 
momentum was slightly negative, due primarily to the clockwise rotation of the left leg. 
Between p1 and p2 (Figure 12 a-d) the system acquired a small amount of positive angular 
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momentum from the ground. The right leg kept part of it, and the rest was transmitted 
through the trunk-and-head to the left leg. (This could also be seen as a transmission of 
negative angular momentum from the left leg through the trunk–and-head and right leg to 
the ground.) These transfers were associated with the slowing down of the left leg’s 
clockwise rotation and with the downward motion of the right leg relative to the system 
c.m. At the end of this period (Figure 12 d), the right leg had a small amount of positive 
angular momentum, while the other segment groups had angular momentum values near 
zero. From p2 to p3 (Figure 12 d-i) the right leg interacted minimally with the ground, 
acquiring practically no angular momentum. However, the interactions between segment 
groups were not trivial. The left leg transferred a moderate amount of positive angular 
momentum to the right leg through the trunk-and-head. This transfer was largely 
associated with the clockwise rotation of the left leg during the stride and the 
counterclockwise rotation of the right leg relative to the system c.m. as the latter 
translated down and to the left in this view. Again, the loss of positive angular 
momentum of the left leg associated with its clockwise rotation can be viewed as a 
transfer of negative angular momentum from the trunk-and-head to the left leg. At the 
end of this period (Figure 12 i), the left and right legs had modest amounts of negative 
and positive angular momentum, respectively. Between p3 and p4 (Figure 12 i-o) the 
system acquired an extremely large amount of angular momentum from the ground 
through the right leg. The right leg kept a small portion of it before transmitting the vast 
majority to the trunk-and-head. After retaining a portion of this angular momentum for 
itself, the trunk-and-head transferred a large part of it to the left leg and both arms. It 
should be noted that this large influx of angular momentum occurred during the final 
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stage of the stride phase before the left foot planted. The acquisition of angular 
momentum by the left leg was linked to a slowing down of its forward translation, 
followed by the beginning of a downward motion. Meanwhile, the left arm and right arm-
and-ball made counterclockwise windmilling motions, and the trunk-and-head also began 
rotating counterclockwise. At the end of this period (Figure 12 o) all segment groups had 
substantial amounts of positive angular momentum. From p4 to p5 (Figure 12 o-q) the 
system continued acquiring positive angular momentum from the ground, although much 
less than in the previous period. This angular momentum passed through the legs and on 
to the trunk-and-head. The trunk-and-head kept part of it, and passed the rest on to the 
right arm-and-ball. These transfers were linked to an increased counterclockwise rotation 
of the trunk-and-head, and to the cocking of the right arm. Between p5 and p6 (Figure 12 
q-u) the system lost a negligible amount of angular momentum through the interaction of 
the legs with the ground. However, the interactions between segment groups were 
extremely large. The legs and the left arm each transferred a moderate amount of angular 
momentum to the trunk-and-head. In turn, the trunk-and-head transmitted these angular 
momentum contributions to the right arm-and-ball, along with a portion of its own 
angular momentum. These transfers were associated with the initiation of a forward 
translation of the right leg such that it kept pace with the forward motion of the c.m., and 
with the slowing down of the counterclockwise rotations of the left arm and of the trunk-
and-head. 
 
SUMMARY AND CONCLUSIONS 
From left foot takeoff until approximately 0.20 s before the left foot was planted 
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on the ground, the system did not accumulate much projected angular momentum. Then 
during the last 0.20 s of single-support the system experienced a large influx of angular 
momentum. During this period, the system c.m. translated toward home plate while the 
right foot remained in contact with the pitching rubber. This caused the system c.m. to 
assume a forward position in the direction of home plate relative to the right foot. 
Consequently, any vertical forces made by the ground on the right foot tended to produce 
large increases in the system angular momentum about the projection axis. This first large 
increase in projected angular momentum was initially stored in the trunk-and-head and in 
the left leg, and to a lesser extent in the two arms and ball. Later, during the first part of 
double-support, a further amount of projected angular momentum was obtained from the 
ground, most of which was stored, again, in the trunk-and-head and also in the right arm-
and-ball. In the last part of double-support, no more projected angular momentum was 
added to the system. However, there was a redistribution of projected angular 
momentum, with large transfers from the right leg, the left arm, and the trunk-and-head to 
the right arm-and-ball, so that by release the vast majority of the system projected angular 
momentum was associated with the motion of the right arm-and-ball. 
Baseball pitching is a dynamic sequencing of the motions of the whole body that 
produces a large ball velocity at release. Because the throwing arm is the final effector 
responsible for imparting velocity to the ball, previous studies on baseball pitching have 
tended to focus solely on the mechanics of the throwing arm. While this approach has 
some merit, it fails to acknowledge the interactions of the throwing arm with the other 
body segments and the role that they play in producing large ball velocities. The present 
paper represents a crucial first step in relating the motions of the whole body to those of 
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the throwing arm. By better understanding these relationships, baseball coaches and 
instructors will be able to improve their knowledge about the mechanics of pitching, 
which will ultimately lead to improvements in pitching performance.  
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